The contractile response of rabbit renal arteries and canuK tibia] arteries to prostaglandins A,, B,, F to , E,, E,, D,, and B, was associated with a reduction in total sulfhydryl group content of smooth musde. The total sulfhydryl content of rabbit renal and canine tibial arteries and was not affected by norepinephrine or potassium chloride. Reduction of disulfide groaps with dithlothreitol (DTT) selectively inhibited contractile responses to angiotensin and prostaglandins; 5,5'-Ditfalobisnitrobeazoic acid (DTNB), a sulfhydryl group-oxidizing agent, reversed the inhibitory effect of DTT on toe contractile responses to prostaglandins. Alkylation of free sulfhydryl groups with ethacrynic acid did not affect the contractile response of isolated canine tibial or rabbit renal arteries to any agonist studied. Etfaacrynic add added to muscle strips exposed to DTT resulted in alkylation of sulfhydryl groups produced by reduction of disulfide bonds and irrerersibly prevented DTNBioduced reversal of DTT inhibition of contractile responses to prostaglandins. However, addition of ethacrynic add to muscle strips contracted by prostaglandins did not inhibit subsequent responses to these acidic lipids. These findings support the hypothesis that contractile responses of rabbit renal and canine tibial arteries to prostaglandins are dependent on interactions between prostaglandins and disulfide groups located in or on the vascular smooth muscle cell, and the concept that membrane disulfide groups may be integral components of vascular smooth muscle receptors for prostaglandins.
SUMMARY The contractile response of rabbit renal arteries and canuK tibia] arteries to prostaglandins A,, B,, F to , E,, E,, D,, and B, was associated with a reduction in total sulfhydryl group content of smooth musde. The total sulfhydryl content of rabbit renal and canine tibial arteries and was not affected by norepinephrine or potassium chloride. Reduction of disulfide groaps with dithlothreitol (DTT) selectively inhibited contractile responses to angiotensin and prostaglandins; 5,5'-Ditfalobisnitrobeazoic acid (DTNB), a sulfhydryl group-oxidizing agent, reversed the inhibitory effect of DTT on toe contractile responses to prostaglandins. Alkylation of free sulfhydryl groups with ethacrynic acid did not affect the contractile response of isolated canine tibial or rabbit renal arteries to any agonist studied. Etfaacrynic add added to muscle strips exposed to DTT resulted in alkylation of sulfhydryl groups produced by reduction of disulfide bonds and irrerersibly prevented DTNBioduced reversal of DTT inhibition of contractile responses to prostaglandins. However, addition of ethacrynic add to muscle strips contracted by prostaglandins did not inhibit subsequent responses to these acidic lipids. These findings support the hypothesis that contractile responses of rabbit renal and canine tibial arteries to prostaglandins are dependent on interactions between prostaglandins and disulfide groups located in or on the vascular smooth muscle cell, and the concept that membrane disulfide groups may be integral components of vascular smooth muscle receptors for prostaglandins.
PROSTAGLANDINS E, and E 2 inhibit platelet and liver mitochondrial ATPase activity and stimulate skeletal muscle adenylate kinase activity. 1 -2 The sulfhydryl groups of these enzymes are necessary for the binding of prostaglandins to the enzyme. 2 -3 Sulfhydryl groups also appear to be necessary for the contractile responses of rat uterus and gerbil colon to prostaglandin E,. 4 The nonspecific sulfhydryl group-alkylating agent p-hydroxymercuribenzoate (PCMB) and the disulfide-reducing agent dithiothreitol (DTT) selectively inhibit the contraction of these muscles to prostaglandins E 1? E 2 , and F l a , and decrease the binding of prostaglandin E, to rat uteri. 4 -• It appears that the oxidized disulfide linkage may be required for prostaglandin binding to its membrane receptor. 1 
"'
This study examines the role of sulfhydryl and disulfide groups as determinants of vascular smooth muscle responses to prostaglandins. We studied renal arteries from rabbits and canine tibial arteries to evaluate the applicability of these findings to different species and preparations. The results demonstrate that the oxidized disulfide linkages are a prerequisite for the expression of prostaglandin-mediated vasodilation as well as for vasoconstriction. The findings suggest that the disulfide group may be necessary for the binding of the prostaglandin to its receptor site.
Methods

STUDIES ON CONTRACTILITY
New Zealand rabbits (2.5-3.5 kg), of either sex, were killed by cervical dislocation. The main renal arteries from 26 rabbits were excised, placed into physiological saline, and cut into helical strips as described previously." 7 Mongrel dogs of both sexes (13-21 kg) , were anesthetized with pentobarbital sodium (35 mg/kg, iv) and the left and right tibial arteries were removed, cleaned of adhering connective tissue, and prepared for recording as previously described. 7 Renal and tibial arteries were mounted in a muscle bath between a stationary glass rod and a Grass Ft.03 force-displacement transducer. The muscle bath contained physiological saline solution (37.5°C, pH 7.4) aerated with 95% Oj-5% CO 3 and containing in each liter (mM): NaCl, 119.5; KC1, 4.7; MgCU, 1.2; NaHCO, 24.8; NaH.PO,, 1.05; dextrose, 10; sucrose, 50; CaCli, 1.6; and calcium disodium ethylenediaminetetraacetate (CaNa 2 -EDTA), 0.026. Vessels were used the same day the animals were killed. Tissues were equilibrated for 3 hours prior to experimentation. Tissues were subjected to a passive force equivalent to the peak of the passive length-active tension curve. Contractions were recorded on a Grass model 5 polygraph or Beckman RM Dynograph.
CONTRACTILE RESPONSES OF ARTERIES
Complete cumulative concentration-response curves were obtained for each of three agonists on each vascular strip. The bath fluid was replaced four times after each concentration-response curve, and the responses were repeated 30 minutes later. One-half hour after the second concentrationresponse curve had been obtained dithiothreitol (DTT), cysteine, 5,5'-dithiobisnitrobenzoic acid (DTNB), and etha-crynic acid, alone or in combination, were added to the muscle bath and allowed to remain in contact with the tissues. A similar experiment was performed with the addition of sucrose (1 ITIM) to the muscle bath to control for the effects of osmolarity and time on the vascular responses to the agonists under study. Concentration-response curves for each agonist again were obtained in the presence of sucrose or the potential antagonist. For each of the vascular strips studied (n = 7) addition of sucrose (1 mM) did not affect vascular reactivity. Some experiments were performed on vascular strips incubated with eicosatetraynoic acid or indomethacin, inhibitors of prostaglandin synthesis.
Values for the dissociation constant of the receptor dithiothreitol complex (K B ) were obtained by calculation from the following formula, as described by Furchgott.'
where (B) is the concentration of inhibitor, and the concentration ratio is that of the mean effective dose (ED B0 ) of the agonist in the presence and absence of antagonist.
To evaluate the ability of DTT and ethacrynic acid to reverse contraction produced by angiotensin or prostaglandin, the concentration of agonist necessary to produce 50% of maximal contractile force was added to the muscle bath. At peak response either DTT or ethacrynic acid was added and allowed to remain in contact with the muscle for 15 minutes. At that time the inhibitor and agonist were washed out and the response to the agonist measured 30 minutes later. The time-dependence of the blockade of responses produced by DTT was evaluated by obtaining responses to prostaglandins at 3, 6, 12, 24, and 30 minutes after addition of DTT to the muscle bath. Responses of five strips were obtained 2, 12, and 24 minutes after DTT, and five other strips were used for measurement of contraction at 6 and 30 minutes after DTT addition.
RELAXATION OF VASCULAR SMOOTH MUSCLE
The possibility existed that the effects of DTT on vascular smooth muscle responses to prostaglandin could be mediated by DTT-induced enhancement of prostaglandin binding to receptor and nonreceptor sites on the blood vessel. Were this premise correct, then upon washout of the prostaglandin from the muscle bath the duration of the contractile responses to prostaglandins should be enhanced in relation to the magnitude of the existing contractile response. This possibility was examined. The duration of the contractile response to selected concentrations of prostaglandin B, and F t , were plotted as a function of the magnitude of the force developed by the muscle in the presence and absence of DTT.
MEASUREMENT OF TISSUE SULFHYDRYL GROUPS
The concentrations of tissue sulfhydryl groups were measured in the presence and absence of prostaglandins, angiotensin II amide, ethacrynic acid and potassium chloride by the method of Ellman," as described by Needleman and Johnson 10 using cysteine as a source of standard sulfhydryl groups. This assay is dependent on the finding that sulfhy-dryl and disulfide groups react quantitatively with DTNB to form a mixed disulfide and the yellow p-nitrobenzoateIon. This anion has an absorption maximum at 412 nm, is acidic, and is almost completely ionized at pH 8.0, the pH of the assay condition. The concentration of anion thus measured by spectrophotometry corresponds to the moles of tissue sulfhydryl groups forming disulfide linkages with the remaining half of the DTNB molecule. A decreased tissue content of disulfide groups able to interact with DTNB will result in a diminution in the spectrophotometrically measurable p-nitrothiobenzoate concentration.
STATISTICAL ANALYSIS
All data were analyzed with Student's r-test and analysis of variance." A P value of 0.05 or less was chosen for statistical significance of the difference in the response of control and treated muscle strips.
Results
EFFECT OF DTT AND DTNB ON CONTRACTILE RESPONSES OF ARTERIAL SMOOTH MUSCLE
The effect of incubation of rabbit renal arterial strips for 1 hour with DTT on responses to angiotensin, norepinephrine, and potassium chloride is shown in Figure 1 . DTT produced only slight inhibition of the contractile response to potassium ion and norepinephrine. However, tbe contractile response to angiotensin was inhibited in a concentrationdependent manner by DTT ( Fig. 1 ). Maximal inhibition of angiotensin-induced contraction of renal arteries was observed with 1 x 10~J M DTT. Effects of higher concentrations could not be tested because a precipitate was observed in the physiological saline solution when this disulfide bond-reducing agent reached a concentration of 2 x 10"' M. The effects of disulfide bond reduction on the contractile response of renal arteries to prostaglandins B,, B,, F»,, and Ai are summarized in Figure 2 . DTT produced a concentration-dependent inhibition of the contractile response for each of the prostaglandins used. Furthermore, low concentrations of prostaglandin A a produced relaxation of this smooth muscle strip. Prostaglandin A,-induced relaxation of rabbit renal artery was completely abolished after disulfide bond reduction by DTT. The contractile and dilator responses of canine tibial artery to each of the vasoactive agents tested are presented in Table 1 and Figure 3 . Similar to the findings for rabbit renal artery, the contractile response of canine cutaneous artery to norepinephrine and potassium chloride was essentially unchanged from control response. Disulfide bond reduction by DTT also depressed the maximal contractile response to angiotensin II and the prostaglandins, and increased the concentration of these agonists necessary to elicit 50% of maximal contraction. The relaxation produced by prostaglandins E,, E,, and Dj also was abolished by DTT ( Fig. 3 ). There was little difference between the responses of the renal and tibial arteries either to prostaglandins or to the inhibitory effects of DTT.
The possibility exists that DTT-induced inhibition of the contractile response was a nonspecific effect resulting from the binding of angiotensin or prostaglandins to the antagonist. This possibility was tested in a limited number»of experiments. Table 1 summarizes the results obtained when oxidized DTT was used under conditions similar to those described for DTT. The contractile response to angiotensin and prostaglandins was similar to control response. This finding suggests that nonspecific interaction between DTT and angiotensin and/or prostaglandins plays little, if any, role as a determinant of DTT-induced inhibition of contractile response to these agents.
DTT may possess biological actions other than its ability to act as a disulfide bond-reducing agent. Addition of DTT to muscle baths containing rabbit or canine arteries resulted in a small relaxation of these preparations ( Fig. 4 ). Since these preparations contain little myogenic tone, relaxaion of this magnitude (89 ± 6 and 76 ± 10 mg for renal and tibial arteries, respectively) is near maximal for these strips.' However, DTT could function as a nonspecific vasodilator which would act as a physiological antagonist of agonistinduced contraction. This postulate was tested by contracting muscle strips with various agonists and, at the peak of contraction (50% of maximal contractile force for each agonist), adding DTT to the contracted strip. Under these conditions, DTT does not cause relaxation ( Fig. 4 ). Furthermore, the relaxant effect of DTT is inhibited (norepinephrine) or converted into a contractile response (prostaglandins and angiotensin) if tone of the muscle strips is increased. Since DTT-induced relaxation of canine and rabbit arterial smooth muscle is reduced in preparations in which synthesis of prostaglandins is inhibited, the mechanism of DTTinduced relaxation may be related to blockade of endogenous prostaglandins. At present, however, no explanation exists for the reversal, by constrictor agents, of the relaxant effect to this thiol compound. Nevertheless, the findings clearly demonstrate that disulfide bond reduction of prostaglandin-induced responses cannot be related to physiological antagonism.
Comparison of data in Figure 2 and Table 1 demonstrates that DTT is approximately as effective an inhibitor of responses to prostaglandins and angiotensin in the rabbit renal artery as in the canine tibial artery. Evaluation of the K B value provides an indication of the disulfide-dependence of the receptors for prostaglandins and angiotensin in each preparation. These data are presented in Table 2 . It is evident that the KB value for each agonist is similar for the canine and rabbit artery. Thus the disulfide portion of the receptor for each agonist appears to be similar in rabbit renal and canine tibial artery. Furthermore, the significant deviation of the slopes of the logarithm of the dose ratio -1 vs. the logarithm of the concentration of DTT from the theoretical value of 1 strongly suggests that DTT is a noncompetitive inhibitor of the prostaglandin-receptor and angiotensin-receptor interactions.
Our results with angiotensin and DTT differ from the findings of Fleisch and co-workers,"' " who reported that DTT completely inhibited the contractile responses to angiotensin. We examined the possibility that the timedependence of the inhibitory effect of DTT on responses of rabbit renal and canine tibial artery to vasoactive agents differed from the values reported for rabbit and guinea pig aortic strips. Since tachyphylaxis developed to angiotensininduced contraction with a 3-or 6-minute interval between exposure to the same concentration of this peptide, we evaluated the contractile response to angiotensin 30 and 60 minutes after addition of DTT to the bath. Maximal Each mean represents the responses of five preparations. ED,, values are the concentrations of agonist necessary to produce a contractile response equal to 50% of maxima] force. Tbe maximal contractile response of tibial arteries incubated with dithiothreitol or oxidized dithiothrcitol is expressed as percentage of control response.
• Responses diffenng significantly from those obtained in the absence of dithiothreitol inhibition (78 ± 4% and 81 ± 6%) of the contractile response to angiotension was obtained in canine tibial and rabbit renal artery, respectively, 30 minutes after disulfide bond reduction had been initiated. Findings were similar when prostaglandins were used as agonists. Maximal inhibition (61 ± 5% and 63 ± 8%) of the contractile responses to -prostaglandin B, was obtained within 60 minutes after initiation of disulfide bond reduction. These findings suggest that a fraction of the contractile response to angiotensin and prostaglandins is mediated through disulfide-indcpendent mechanisms. Alternatively, the concentration of DTT used was ineffective in producing total receptor-disulfide bond reduction. Nevertheless, the time sequence employed in this study was adequate to produce maximal inhibition of the contractile responses to angiotensin and prostaglandins.
EFFECT OF DTNB AND ALKYLATION OF SULFHYDRYL GROUPS BY ETHACRYNIC ACID ON VASCULAR SMOOTH MUSCLE CONTRACTILITY
Alkylation of free sulfhydryl and disulfide groups by DTNB inhibits the contractile response of rabbit renal or canine tibial artery to angiotensin or prostaglandins. Cysteine, another sulfhydryl-containing compound, was without effect on the response to these agonists. As described previously, disulfide bond reduction by DTT reduced the contractile response to angiotensin II and prostaglandins (Figs. 5 and 6). This effect was almost completely reversed after the addition of DTNB (1 x 10"' M) tolhe bath. This finding is consistent with the conclusion that disulfide, and not reduced sulfhydryl groups, is important for full expression of the biological response of vascular smooth muscle to angiotensin and prostaglandins. This conclusion is supported by results of the alkylation experiments with ethacrynic acid.
Ethacrynic acid is an alkylating agent that will preferentially alkylate sulfhydryl groups. Alkylation of free (membrane-bound) sulfhydryl groups does not affect the contractile response of rabbit renal artery to any of the vasoactive agents used in this study (Table 3 ). Disulfide bond reduction by DTT inhibits the contractile response to prostaglandins. The inhibitor effect is reversed by reoxidation of the reduced disulfide linkages by DTNB. However, concentrations of Figs. 4 and 6) .
FIGURE 4 Effect of dithiothreitol (DTT) on vascular smooth muscle tone. Means ± SEM are shown. Each mean represents the responses from five different tibial arteries. Note that DTT itself produces a relaxation of tibial arteries. However, when the muscle is contracted by prostaglandins or angiotensin II, addition of DTT to the contracted muscle results in a transient contraction of the magnitude indicated in the figure. There was little to no effect of DTT on vascular smooth muscle lone upon addition of this agent to a muscle contracted by norepinephrine (NE). Indomethacin (INDO) and eicosatetraynoic acid (ETYA) also reduced the relaxant effects of DTT. Note that maximal changes in force produced by DTT are approximately 10% of that achieved by any of the other agonists used in the study (see
ethacrynic acid that did not inhibit the contractile responses to prostaglandins or angiotensin prevented completely DTNB-induced reversal of DTT-induced inhibition of these responses. The results for prostaglandins are summarized in Figure 7 . Alkylation of sulfhydryl groups exposed by the interaction of prostaglandins or angiotensin with their receptor did not inhibit the contractile response to a subsequent addition of the agonists (Table 3) .
EFFECT OF DISULFIDE BOND REDUCTION ON THE DECAY OF THE PROSTAGLANDIN-INDUCED CONTRACTION
Removal of prostaglandins F^, and B t from the muscle bath results in restoration of resting tone in canine tibial and rabbit renal arteries. The time to 50% relaxation was directly related to the maximal developed force (and thereby concentration of prostaglandin added to the muscle bath). DTT reduced the contractile responses to prostaglandin. However, the time required for the muscle strips to relax to 50% of their contracted values was not significantly different than the times required after a contraction of equivalent magnitude in arteries not exposed to DTT (Fig. 8) . These findings support the conclusion that DTT does not enhance the binding of prostaglandins to nonspecific sites and thus induce tachyphylaxis. The findings suggest that the total number of sites to which prostaglandin may bind are diminished.
EFFECT OF INDOMETHACIN AND EICOSATETRAYNOIC ACID ON DTT-INDUCED INHIBITION OF PROSTAGLANDINS
The results of the preceding experiments suggested that disulfide bond reduction by DTT inhibits the vascular responses to prostaglandins either by blocking the prostaglandin receptors or by prostaglandin binding. However, DTT may activate prostaglandin synthetase, increasing the concentration of endogenous prostaglandin at the receptor site, thereby decreasing responses to exogenous prostaglandins. This postulate was tested by repeating, in a limited number of experiments on canine tibial artery, the studies on DTT-prostaglandin and DTT-angiotensin interactions on vascular strips obtained from dogs pretreated with indomethacin (10 mg/kg per day, im) for 3 consecutive days and on vascular strips exposed to eicosatetraynoic acid (1 x 10"' M) for I hour prior to (and continuously throughout) construction of concentration-response curves for prostaglandin in the absence and pressence of DTT. The results are summarized in Table 4 . Tibial arteries obtained from indomethacin-pretreated animals did not display the usual relaxation to arachidonic acid (6 x 10 ' M to 6 x 10~3 M). This is presumptive evidence that prostaglandin biosynthesis was inhibited in these vascular smooth muscle preparations. The relaxant and constrictor responses of canine tibial arteries to prostaglandins were inhibited by DTT. The ability of DTT to inhibit the contractile responses to prostglandins was similar in control and indomethacintreated smooth muscles. Similarly, eicosatetraynoic acid inhibited the contractile responses to arachidonic acid. No significant difference existed between the inhibitory effect of disulfide bond reduction on the contractile responses to prostaglandins in muscle strips apparently deficient in prostaglandin synthetase activity and in control muscle strips. Indomethacin pretreatment enhanced the maximal contractile responses to angiotensin but did not affect ED 50 or the inhibitory effect of DTT on the contractile responses to this polypeptide. Eicosatetraynoic acid affected neither the contractile responses to angiotensin II nor the inhibitory effect of disulfide bond reduction on the responses to this polypeptide. These results are summarized in Table 4 . The effects of prostaglandin synthetase inhibitors on the contractile responses to arachidonic acid were not nonspecific effects because the contractile responses to potassium 
FIGURE 5 Effect of disulfide bond reduction and rtoxil-Aon on the contractile responses of canine tibia] arteries to norepinephrine, prostaglandin B t , and prostaglandin Bi. Each mean and standard error of the mean represents the responses from six preparations. Reduction of disulfide groups by dithiothreitol (DTT) did not affect the contractile responses to norepinephrine but inhibited those to proslaglandins. Cysteine was without effect. Reoxidation of disulfide linkages by dilhiobisnitrobenzoate (DTNB) reversed the inhibitory effects of disulfide bond reduction on vascular responses to prostaglandins.
chloride and norepinephrine were not inhibited by these agents. These findings are consistent with the conclusion that DTT-induced inhibition of the vascular responses to prostaglandins are probably unrelated to changes in prostaglandin synthetase activity induced by disulfide bond reduction within the vascular smooth muscle cell. The differential effect of indomethacin and eicosatetraynoic acid on the contractile responses to angiotensin appears to be due to a differential effect of indomethacin on calcium metabolism and was beyond the scope of these experiments. M
EFFECT OF PROSTAGLANDINS, ANGIOTENSIN AND POTASSIUM ION ON THIOL CONTENT OF VASCULAR SMOOTH MUSCLE
The results of the experiments described above suggested that prostaglandins and angiotensin interact with muscle disulfide groups to elicit vasoconstriction and relaxation of vascular smooth muscle.This postulate was tested. Incubation of tibial and renal artery strips with angiotensin and prostaglandins resulted in a concentration-dependent reduction in the DTNB-reactive thiol content of these preparations ( Fig. 9 and Table 5 ). The potency for disulfide bond interaction was similar to the potencies for contraction of vascular smooth muscle (compare data in Tables 1 and 5 and Figs. 1, 2, 4, 6-8 ). Norepinephrine could not be studied with this procedure because it interfered with the assay. However, potassium chloride did not affect the content of DTNB-reactive thiol groups and the response to this agonist was essentially unaffected by disulfide bond reduction ( Fig.  1 and Table 5 ).
Since this assay procedure measures total thiol groups, and not disulfide groups alone, the experiment was repeated on a limited number of strips in which the free sulfhydryl groups had been alkylated with ethacrynic acid. Ethacrynic acid reduced the content of DTNB-reactive thiol groups from 141 ± 7 to 102 ± 9 (±SEM) jimol/g in samples of tibial artery from five dogs). However, addition of angiotensin or prostaglandins B, and F*, to tibial artery incubated with ethacrynic acid produced a further reduction in DTNB-reactive thiol groups to between 46 and 54 jjmol/g of muscle. These experiments support the conclusion that prostaglandins and angiotensin interact with vascular smooth muscle disulfide groups to initiate their biological response.
Discussion
Our study provides new insight concerning the nature of a prostaglandin receptor in vascular smooth muscle. DTT, a disulfide-reducing agent, reversibly inhibits the contractile response of rabbit renal and canine tibial artery to prostaglandins A,, B,, Bi, Ei, E,, F*,. These prostaglandins reduce the content of measurable reactive sulfhydryl groups in both arterial preparations. Alkylation of free sulfhydryl groups does not attenuate the Contractile response of rabbit renal or canine tibial artery to prostaglandins. However, alkylation of sulfhydryl groups made available to ethacrynic acid through DTT-induced reduction of disulfide bonds, inhibits prostaglandin-mediated contraction and relaxation of vascular smooth muscle. These findings suggest that the disulfide-protein complex is essential for expression of the response of vascular smooth muscle to prostaglandins. These disculfide-protein complexes may reside in the prostaglandin-receptor binding site or may contribute to the stimulus-generating mechanism of the vascular smooth muscle cell.
EFFECT, OF DITHIOTHREITOL ON VASCULAR REACTIVITY
DTT reduces disulfide linkages to form reduced sulfhydryl groups. The formation of disulfide bonds between the oxidized form of DTT and the reduced sulfhydryl groups formed should be minimal." Therefore, DTT-induced inhibition of the contractile response of vascular smooth muscle to prostaglandins and angiotensin suggests that the intact A Norepinephrine (5xlO"'M) C Angiotensin U
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N-4 .p<005 Figure 5 . The contractile force to each agonist was measured at the peak of the response prior to and 15 minutes after addition of I x 10"' M ethacrynic acid (ETA) to the contracted muscle. The muscles were washed free of drugs and the response to a second administration of agonist was obtained 30 minutes later. ETA did not affect the steady state force produced by each of the agonists. The response to a second concentration of agonist was not significantly different from control responses n -number of vascular strips. disulfide group, and not the free sulfhydryl group, is necessary for the expression of prostaglandin-induced contraction or relaxation of vascular smooth muscle. This inhibition appears to be a relatively specific effect on the receptor sites for these agents, and not a nonspecific effect on the contractile proteins,"-" since the contractile responses to potassium chloride and norepinephrine were not inhibited by DTT. Similarly, it also is unlikely that the effects of disulfide bond reduction on the contractile response to prostaglandins and angiotensin are related to nonspecific membrane-depressant effects of DTT or to alterations in prostaglandin synthesis. The contractile response of vascular smooth muscle to potassium chloride is either accompanied by a depolarization-dependent" or depolarization-independent" increase in membrane permeability to calcium ion. 20 The contractile response of vascular smooth muscle to norephinephrine is mediated by stimulation of o-adrenergic receptors which results in an enhanced membrane permeability to calcium ion and release of calcium from intracellular stores. Since the contractile responses to potassium ion and norepinephrine were essentially unaltered by disulfide bond reduction it is unlikely that nonspecific membrane-depressant effects account for the inhibitory action of DTT. Similarly, presumed inhibition of prostaglandin synthetase by indomethacin and eicosatetraynoic acid does not affect the inhibitory effect of disulfide bond reduction on the contractile or relaxant effects of prostaglandin or angiotensin (Table 4) . DTT inhibits the contractile responses to prostaglandins B,, B,, and A,. Prostaglandins B, and B, are not substrates for prostaglandin dehydrogenase," although prostaglandin Aj may be metabolized via the prostaglandin dehydrogenase pathway." These findings support the conclusions that DTT-induced inhibition of the contractile responses to prostaglandins and angiotensin are not secondary to alterations in prostaglandin biosynthesis of metabolism.
FIGURE 6 Effect of disulfide bond reduction and reoxidation on the contractile responses of rabbit renal arteries to potassium chloride, norepinephrine, angiolensin II, and prostaglandins. For explanation see
It is possible that DTT, which contains sulfhydryl groups, may form a nonspecific complex with angiotensin or prostaglandins, diminish the effective concentration of these substances at the receptor site, and thereby result in apparent inhibition of the response to these agents which is independent of any effect on smooth muscle disulfide linkages. Oien" recently has demonstrated that prostaglandins form thiol adducts with cysteine and glutathione. However, these adducts retain full biological potency." Simi-larly, cysteine had no effect on the contractile response of our preparations to prostaglandins or angiotensin. Furthermore, oxidized DTT did not affect the contractile response of canine tibial arterial smooth muscle to prostaglandins (Fig. 5) . These findings suggest that nonspecific binding or formation of a complex between DTT and prostaglandins or angiotensin cannot account for the inhibitory effect of DTT on vascular responses to these agonists. These findings suggest that disulfide bond reduction may be the factor responsible for the reported inhibition. This conclusion is supported by the reversibility studies with DTNB and the alkylation studies with ethacrynic acid.
EFFECTS OF DTNB AND ALKYLATION OF SULFHYDRYL GROUPS BY ETHACRYNIC ACID ON VASCULAR SMOOTH MUSCLE FORMATION
DTNB, a disulfide-and sulfhydryl group-alkylating and oxidizing agent, inhibits the contractile response of canine tibial and rabbit renal artery to the agonists studied. However, DTNB reverses the inhibitory effect of DTTinduced disulfide bond reduction on the contractile response of these vascular smooth muscle preparations to prostaglandins and angiotensin II ( Figs. 5 and 6 ). The ability of DTNB to reverse the inhibitory effect of DTT on agonistinduced responses of vascular smooth muscle most probably is related to the formation of an oxidation-reduction potential chain among the arterial smooth muscle sulfhydryl groups, oxidized DTT, and DTNB. This oxidation-reduction potential should result in the formation of the original disulfide bond, DTT, and reduced thionitrobenzoic acid. A direct interaction of DTNB and sulfhydryl or disulfide groups of the arterial smooth muscle, as occurs under the assay conditions, in the absence of DTT, would result in the formation of the protein-nitrobenzoate-sulfhydryl complex described previously (see Methods). This complex would probably not confer on the smooth muscle cell membrane receptor the conformation it assumed prior to reduction by DTT. Hence, it is unlikely that a direct interaction of DTN B and membrane sulfhydryl groups was responsible for restoration of biological responsiveness of canine tibial and rabbit renal artery to prostaglandins. In addition, as will be 
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PGBt N-6 >p<005 K>"° 10" 1 Prostoqlandin (moles/liter) arteries to prostaglandins A,, B,, and F t o . Each value represents  the mean and standard errors from five or six renal artery strips.  ETA -ethacrynic acid; DTT -dithiothreitol; DTNB - ED.. X X X X X X 10-' 10-** 10-' 10"" 10"" 10"" Each mean represents the responses of four preparations. ED., values are the concentrations of agonist necessary to elicit contractions equivalent to 50% of maximal contractile force. The indomethacin and eicosatetraynoic acid controls did not significantly differ and so were pooled for presentation of data. The maximal contractile responses of tibial arteries from indomethacin-treatcd animals (10 mg/kg per day, intramuscularly for 3 days) or from strips exposed to eicosatetraynoic acid (I x 10"' M), in the presence of dithiothreitol are expressed as a percent of control responses in the absence of dithiothreitol Note that the shift in the maximal contractile responses and the ED,0 produced by dithiothreitol did not significantly differ from the changes produced in normal tibial arteries (compare with Table I ) The responses to arachidonic acid were 100 ± 7 mg, 0 ± 4 mg, and -5 ± 9 mg in control, indomethacin-trcalcd and eicosatetraynoic acidtrcatcd muscle strips, respectively.
FIGURE 7 Effect of alkylation of free sulfhydryl groups and reduced disulfide bonds on the contractile response of rabbit renal
• Responses differing significantly from those obtained in the absence of dithiothreitol described below for ethacrynic acid, formation of a nitrobcnzoate-sulfide complex would be equivalent to alkylation of the reduced disulfide groups. This should inhibit, rather than restore, the contractile responses to prostaglandins.
The finding that DTT-induced inhibition of the contractile response to angiotensin II is semi-irreversible confirms the previous findings of Fleisch and co-workers, 1! -" and suggests that either the disulfide groups involved in the receptor site for this peptide cannot resume their original conformation upon reoxidation by DTNB or that reduced sulfhydryl groups are unavailable to the DTNB. In addition, the contractile response of blood vessels to this peptide is accompanied by an enhanced production of prostaglandin E-like material 1 4 " which appears to limit the maximal tension development in response to angiotensin. Prosta-glandins produced within the vascular smooth muscle cell may be inactivated by prostaglandin dehydrogenase, which is a sulfhydryl-dependent enzyme. 2 " Prostaglandin dehydrogenase may not be important in termination of the contractile response of rabbit aortic strips to exogenously administered prostaglandin E , . " However, the existence and significance of prostaglandin dehydrogenase activity in rabbit renal artery and canine tibial artery remains to be evaluated. Therefore, we may tentatively speculate that after disulfide bond reduction by DTT, reoxidation of the reduced disulfide bond by DTNB may occur at the angiotensin receptor since this is presumably located on the external portion of the membrane, whereas prostaglandin dehydrogenase is a cytoplasmic enzyme. After action of DTNB, angiotensin combines with its receptor and stimulates prostaglandin synthesis. However, the inactivation of the dehydrogenase results in a greater effective concentration of prostaglandin E-like material within the cell, a greater inhibition of the response to angiotensin II, and apparent irreversibility of disulfide bond reduction. Alternatively, vascular smooth muscle disulfide groups important in the angiotensin-receptor interaction may be unable to resume their initial conformation upon reoxidation of reduced sulfhydryl groups. These postulates remain to be evaluated. Ethacrynic acid is an inhibitor of ATPase, adenylate cyclase, and prostaglandin dehydrogenase.""" Its inhibitory effects on these enzyme systems may result from ethacrynic acid-induced alkylation of membrane and protein sulfhydryl groups. 17 It is unlikely that ethacrynic acid interacts with disulfide groups, since the oxidation-reduction potential and formation of a strong anionic group at physiological pH would be very small." The inability of ethacrynic acid to inhibit the contractile response of rabbit and canine artery to prostaglandins suggests that free sulfhydryl groups are inaccessible to ethacrynic acid. Alternatively, disulfide groups, and not membrane-bound sulfhydryl moieties, are important for expression of the biological responses to prostaglandins. This latter conclusion is supported by the finding that ethacrynic acid, which by itself does not inhibit prostaglandin-induced contraction or relaxation of vascular smooth muscle, decreases the thiol content of canine tibial artery and prevents DTNB-mediated reversal of contractile responses to prostaglandins following disulfide bone reduction ( Fig. 7) . Ethacrynic acid-induced alkylation of the reduced disulfide groups, made available by DTT, probably results in the formation of a stable alkylation product. The alkylated reduced disulfide linkage is probably unable to be reoxidized by the artificial oxidation-reduction potential created upon addition of DTNB to the muscle bath. Since these alkylated groups cannot be reoxidized to re-form disulfide linkages, the contractile responses to prostaglandins and angiotensin remain inhibited.
VASCULAR SMOOTH MUSCLE CONTRACTION AND PROSTAGLANDINS
Prostaglandins decrease the measurable content of thiol groups in vascular smooth muscle. Free sulfhydryl groups susceptible to alkylation by ethacrynic acid appear to be unimportant in the contractile and relaxant effects of these fatty acids on vascular smooth muscle. This suggests that disulfides are important for the biological activity of prostaglandins, since ethacrynic acid will not reverse a contractile response to prostaglandins nor inhibit a second response to prostaglandins. These data indicate that these lipids do not reduce disulfide groups, but rather form a complex with these moieties. This may be one of the first steps in the sequence of events initiating the reported biological effects of prostaglandins on ion transport, cyclic nucleotides, and vasoactivity ( Fig. TO) .
It is unclear at the present time whether the disulfidedependent sites in vascular smooth muscle represent a common site in the vascular smooth muscle excitation-contraction transducer mechanism activated by prostaglandins, a portion of the prostaglandin receptor obligatory for vasoactivity, or an allosteric, nonreceptor binding site for prostaglandin vasoactivity. The receptors for prostaglandin appear to differ among the prostaglandins since it is difficult to induce tachyphylaxis to one prostaglandin by administration of a second prostaglandin. 34 -" Therefore, the possibility exists that the disulfide-dependent sites may be obligatory for prostaglandin vasoactivity and binding 4 -' but that one prostaglandin is capable of displacing a second prostaglandin from these sites. Additional biochemical and receptor isolation studies are now required to evaluate the role of the disulfide-dependent sites as primary or secondary binding sites of prostaglandin receptors.
These studies lead us to conclude that prostaglandininduced contraction and relaxation of vascular smooth muscle appears to be dependent on the functional integrity of cellular sulfhydryl groups present in oxidized disulfide state (-S-S-). Oxidized disulfide linkages apparently are involved in the contractile response to angiotensin II as well. However, the contractile response of vascular smooth muscle to norepinephrine and potassium ion is disulfide-and sulfhydryl-independent. The contractile responses to prostaglandins and angiotensin appear to be mediated by an interaction between the disulfide group and the agonist, with the formation of an agonist-disulfide or agonist-sulfhydryl complex. These disulfide groups may be integral moieties in a receptor site for angiotensin and prostaglandins. cardiac rhythm, while the second has involved cells elsewhere in the heart which may under abnormal conditions become sites of spontaneous activity. The latter approach has been utilized extensively in the canine heart. Although many studies of the sinus node have been carried out in lapine, feline, and lower vertebrate hearts, we have found no definitive account of electrical activity recorded from individual cells of the canine sinus node. All our current understanding of normal spontaneous impulse initiation by cells within the canine heart has evolved by inference and implication from studies on cells outside the sinus node. The present investigation was undertaken to provide more detailed information about transmembrane voltage properties of automatically discharging cells in the canine sinus node.
Methods
Twenty mongrel dogs weighing 2-8 kg (15 ± 5 weeks old) were anesthetized with pentobarbital sodium (30 mg/kg, iv) and the heart was exposed through a right intercostal thoracotomy. The right coronary artery was dissected free near the origin of its sinus node branch and ligatcd distal to this point, as were all side branches except the sinus node artery. A catheter was introduced into the proximal right coronary artery, inserted toward the sinus node branch, and tied in place after anticoagulation with sodium heparin (1,000 units, iv). The heart with at least 1 cm of each vena cava attached was then removed and placed in Ringer's solution at room temperature. The lower two-thirds of both
